Abstract: According to the theory of passivity-based control (PBC), this paper establishes a port-controlled Hamiltonian system with dissipation (PCHD) model for a doubly fed induction generator (DFIG) system under unbalanced grid voltage conditions and proposes a method of interconnection and damping assignment passivity-based control (IDA-PBC) of the system under such conditions. By using this method, the rotor-side converter and grid-side converter can be controlled simultaneously in order to improve fault ride-through capability of the DFIG system. Simulation results indicate that this IDA-PBC strategy effectively suppresses fluctuations of output current and power in the DFIG system during unbalanced grid voltage sag/swell, enhances dynamic performance, and improves the robustness of the system.
Introduction
In recent decades, in response to the energy crisis and environmental pollution, people have continuously sought clean and renewable resources to replace fossil fuels, largely promoting the development of wind power technologies [1, 2] . Among these technologies, the doubly fed induction generator (DFIG) system has been adopted in a large proportion of wind turbines, with benefits of small volume, low cost, and stable operation performance [3] [4] [5] .
The DFIG system is characterized by its high-order, strong coupling, and non-linear behavior; the control method is relatively complicated. Usually, the stator-side of the system is connected to the grid directly while its rotor-side is connected to the grid via a back-to-back converter. The converter's capacity is relatively small and largely influenced by the status of the grid. Therefore, higher requirements are desired if DFIGs are to be constructed on a large scale and operated in grid-connected mode [6] [7] [8] [9] . Though the PI regulator based vector control is commonly used and can ensure stable operation of DFIGs within certain range, it is not intrinsically robust, and it can be rather difficult to realize the overall stability of the system. Especially under unbalanced grid voltage conditions, the DFIG system is not effective enough to isolate its connection with the grid. As a result, the unbalanced grid voltage leads to unbalanced stator current and rotor current, causing stator winding and rotor winding to generate uneven heat and inducing pulsation in the torque of the generator, which results in oscillation of the power passing to the grid [10, 11] . Meanwhile, the output current and power fluctuate at double the grid frequency in the synchronous frame; however, the PI regulator cannot Energies 2017, 10, 1139 2 of 13 realize zero steady-state error in this situation, which affects stable operation of the DFIG system and the grid. Currently, studies of DFIG systems under unbalanced grid voltage conditions are no longer limited to voltage sags. When a grid voltage sag occurs, switching the reactive compensation device in the wind power plant might lead to surplus of the reactive power, which causes the voltage to increase abruptly at the moment when the grid voltage is recovered. Moreover, sudden removal of a load in the wind power plant will also lead to grid voltage swell [12] [13] [14] . As a consequence, higher requirements are desired to control the DFIG system under unbalanced grid voltage conditions. Passivity-based control (PBC) is a non-linear feedback control strategy aimed at ensuring overall stability. With the design principle being the energy balance of the system, it forces the total energy of the system to track desired energy function so that state variables of the system asymptotically converge towards equilibrium values [15] . The strategy of studying system control from the perspective of energy is greatly valued in the area of DFIG systems. PBC is mainly based on Euler-Lagrange equations or port-controlled Hamiltonian system with dissipation (PCHD) equations, where the latter are derived and developed from the former. Up to now, most of the literature discusses PBC of DFIG systems based on Euler-Lagrange equations while little research has been conducted on PBC using the PCHD model. Under normal grid conditions, [16] established an Euler-Lagrange model of DFIGs, based on which, the design of PBC law is proposed. In addition, [17] studied control strategies based on an Euler-Lagrange model of DFIGs under unbalanced grid voltage conditions. The study reported by [18] was performed on the control strategy based on a PCHD model of back-to-back converter in a permanent magnet synchronous generator system under normal grid conditions. Reference [19] presented an energy-based coordinated control of a DFIG system under normal grid conditions based on the theory of port-controlled Hamiltonian system. Furthermore, [20, 21] discussed interconnection and damping assignment passivity-based control (IDA-PBC) methods of DFIGs under normal grid conditions. All these papers laid a foundation for further study of PBC of the DFIG system. However, during grid voltage unbalance, PCHD modeling and PBC analysis are different from those under normal grid conditions.
In this paper, a new PCHD model of DFIGs and grid-side converters in a DFIG system under unbalanced grid voltage conditions is established. Based on the PCHD model, with the idea of overall coordinated control, an IDA-PBC law is performed on both the rotor-side converter and grid-side converter to improve operation performance of the DFIG system under unbalanced grid voltage conditions.
PCHD Modeling of a Doubly Fed Induction Generator (DFIG) System during Grid Voltage Unbalance
To perform IDA-PBC of the system, a PCHD model of this system is desired. Definition of standard PCHD equations are given as [22, 23] :
where x ∈ R n are the state variables of the system, u ∈ R m are the input variables, y ∈ R m are the output variables; the interconnection matrix J(x) is a skew-symmetric matrix which represents interconnection structure inside the system; the damping matrix R(x) is a positive semi-definite symmetric matrix which reflects the dissipation; the interconnection structure is also captured in the input matrix g(x); the Hamiltonian function H(x) : R n → R represents the total energy of the system.
PCHD Model of a DFIG
When the grid voltage is unbalanced, DFIG systems are usually analyzed in the positive and negative synchronous reference frames. Then, the mathematical model of voltage and flux linkage of a DFIG can be expressed as [24] :
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where superscript +, − denote positive, negative synchronous reference frame, respectively; subscript +, − individually represent positive, negative sequence component; subscript s, r represent stator and rotor, respectively; subscript d, q individually denote synchronous d and q axis. While ω slip+ = ω 1 − ω r represents the slip angular frequency in the synchronous frame, ω slip− = −ω 1 − ω r is the slip angular frequency in the negative synchronous frame, where ω 1 is the grid angular frequency, ω r is the rotor angular frequency. R s , R r are resistances of the stator and rotor, respectively; L s , L r are self-inductances of the stator and rotor, respectively; L m is the mutual inductance. The electromagnetic torque and motion equation of a DFIG can be expressed as:
where T e is the electromagnetic torque; T m is the mechanical torque that passes to the generator shaft; n p is the number of pole pairs of DFIG; ω m is the mechanical angular speed of the rotor; f is the viscous friction coefficient of the rotor; J m is the moment of inertia that casts onto the generator shaft.
Assume state variable of the DFIG x R = [ψ
Given energy storage function of the DFIG:
where
is a second-order unit matrix. Then, the PCHD model of DFIGs in a DFIG system under unbalanced grid voltage conditions is:
where,
is a ninth-order unit matrix. 
PCHD Model of a Grid-Side Converter
Under unbalanced grid voltage conditions, the mathematical model of a grid-side converter in DFIG systems can be expressed as [25] :
where R g , L g are the respective resistance and induction of the input reactor. Since the stator of the DFIG is connected to the grid, then, U
Given the energy storage function of the grid-side converter:
). Then, the PCHD model of a grid-side converter in DFIG systems under unbalanced grid voltage conditions can be expressed as:
is a fourth-order unit matrix.
In conclusion, Equations (6) and (9) are the PCHD model of a DFIG system under unbalanced grid voltage conditions.
IDA-PBC of a DFIG System during Grid Voltage Unbalance
From principles of IDA-PBC, it can be seen that for Equation (1), proper interconnection configuration matrix J c (x) and damping configuration matrix R c (x) are desired to change the energy function of the original system so that the following equation is valid [26] :
after introducing control, the system is close-looped and stabilized, which turns out to be a PCHD system with dissipation of the form:
The energy function of this closed-loop system is H d = H + H c , where H c represents energy that is injected into the system through control.
should be a positive semi-definite symmetric matrix.
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IDA-PBC Law of a DFIG
To reserve generality, the interconnection configuration matrix of DFIGs in a DFIG system under unbalanced grid voltage conditions is defined as
The damping configuration matrix is given as R Rc (x R ) = diag (r r1+ , r r2+ , r r3+ , r r4+ , r r1− , r r2− , r r3− , r r4− , 0). The energy function of the closed-loop DFIG system after applying IDA-PBC is:
where superscript * represents the desired equilibrium point; H Rc (x R ) is the energy injected to the system though control. From Equation (10), the PBC law of a DFIG in DFIG systems under unbalanced grid voltage conditions is:
After rearrangement, it can be expressed as:
IDA-PBC Law of a Grid-Side Converter
The interconnection configuration matrix of a grid-side converter in a DFIG system under unbalanced grid voltage conditions is defined as
, r g2+ , r g3+ , r g4+ , r g1− , r g2− , r g3− , r g4− , 0). The energy function of the closed-loop grid-side converter system after introduction of IDA-PBC is:
where H Gc (x G ) represents energy that is injected into this system through control; x * G is the desired equilibrium point of this system. From Equation (10), the PBC law of a grid-side converter in a DFIG system under unbalanced grid voltage conditions is obtained:
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In conclusion, Equations (14) and (17) are the IDA-PBC laws of a DFIG system under unbalanced grid voltage conditions.
Simulation Analysis of IDA-PBC of a DFIG System during Grid Voltage Unbalance
To verify the feasibility of the proposed IDA-PBC law in a DFIG system under unbalanced grid voltage conditions, the system model is constructed in Simulink of MATLAB as well as toolbox of SimPowerSystem to carry out simulation studies. The main parameters are as follows: rated power of the DFIG is 2 MW, voltage of the stator is 680 V, the grid frequency is 50 Hz, resistance of the stator is 0.0108 p.u., resistance of the rotor is 0.0121 p.u., stator induction is 2.464 p.u., rotor induction is 3.472 p.u., and the grid voltage oriented space vector pulse width modulation (SVPWM) is applied. A structure scheme of the system is shown in Figure 1 . By status inspection of the grid and the DFIG system, real-time state variables of the grid and the DFIG system are obtained, and the desired equilibrium point of the system is calculated based on these variables. Meanwhile, IDA-PBC of the DFIG system is realized according to these state variables and the desired equilibrium point.
Assume voltage phase A of the grid drops to 0.8 p.u. at 2 s and abruptly rises to 1. By status inspection of the grid and the DFIG system, real-time state variables of the grid and the DFIG system are obtained, and the desired equilibrium point of the system is calculated based on these variables. Meanwhile, IDA-PBC of the DFIG system is realized according to these state variables and the desired equilibrium point.
Assume voltage phase A of the grid drops to 0.8 p.u. at 2 s and abruptly rises to 1.2 p.u. at 2.6 s, while voltage phases B and C are maintained at 1 p.u. continuously, which are shown in Figure 2 . 
Influence of Grid Voltage Unbalance in a DFIG System
Under unbalanced grid voltage conditions, the output current of the stator, rotor and grid-side converter in a DFIG system will have negative sequence components, which means the output current will fluctuate at double the grid frequency in the synchronous frame. Unbalanced current leads to unbalanced power. The power relationship of a DIFG system under unbalanced grid voltage conditions can be expressed as [27] : 
Under unbalanced grid voltage conditions, the output current of the stator, rotor and grid-side converter in a DFIG system will have negative sequence components, which means the output current will fluctuate at double the grid frequency in the synchronous frame. Unbalanced current leads to unbalanced power. The power relationship of a DIFG system under unbalanced grid voltage conditions can be expressed as [27] :
where P s0 and Q s0 represent equilibrium components of active and reactive power outputs of the stator, respectively; P g0 and Q g0 represent equilibrium components of active and reactive power outputs of the grid-side converter, respectively. However, the existence of P ssin2 , P scos2 , Q ssin2 , Q scos2 , P gsin2 , P gcos2 , Q gsin2 and Q gcos2 indicates that there is fluctuation component at a double grid frequency in each power output in the DFIG system. Figures 3 and 4 show the influences of grid voltage unbalance on the output current and power of a DFIG system, respectively. It is clear that when PI control in the synchronous frame is adopted, stator current (active component i sd , reactive component i sq ) and grid-side converter current (active component i gd , reactive component i gq ) of the DFIG system as well as each power (stator active power P s , stator reactive power Q s , grid-side converter active power P g , grid-side converter reactive power Q g ) that pass to the grid will all show apparent fluctuations at a double grid frequency, which influences the continuous operation capability of a DFIG system under fault conditions. of a DFIG system, respectively. It is clear that when PI control in the synchronous frame is adopted, 
Simulation of IDA-PBC during Unbalanced Grid Voltage Sag/Swell
Here, the IDA-PBC method under unbalanced grid voltage conditions is compared with PI control and PBC based on Euler-Lagrange model in the positive and negative synchronous reference frames. According to different control targets of a DFIG system under unbalanced fault conditions, equilibrium points of IDA-PBC are matched. (19) are set to zero; then expectations of current at desired equilibrium points x * R and x * G of the system are:
Simulation waves in the positive and negative synchronous reference frames under PI control, PBC based on Euler-Lagrange model and IDA-PBC based on PCHD model are shown in Figure 5 . It is evident that irrespective of whether there is unbalanced grid voltage sag or swell, the IDA-PBC method effectively suppresses double frequency fluctuations of the stator output current as well as the grid-side converter output current to ensure a balanced total output current in the DFIG system. Compared to PI control and PBC based on Euler-Lagrange model in the positive and negative synchronous reference frames, it removes oscillation of each current faster and applies a shorter modulation process so that the DFIG system can reach a new stable status more quickly. In addition, because IDA-PBC has more configuration parameters compared with PBC based on Euler-Lagrange model, the system using IDA-PBC can be controlled more finely. Moreover, the structure of DFIG is more complex than the structure of the grid-side converter, so there are more configuration parameters in the IDA-PBC law of DFIG compared with those in the IDA-PBC law of grid-side converter. Therefore, the control optimization of the DFIG is more obvious than the grid-side converter based on IDA-PBC. 
Suppressing Output Active Power Fluctuation in a DFIG System
The control target during grid voltage unbalance is to suppress double frequency pulsations of active power P s of the stator and active power P g of the grid-side converter so that the DIFG system can export a balanced total active power under fault conditions. At this time, P ssin2 and P scos2 in Equation (18) as well as P gsin2 and P gcos2 in Equation (19) are desired to be zero, so expectations of each current in desired equilibrium points x * R and x * G of the system should be:
sq− . Simulation waves in the positive and negative synchronous reference frames under PI control, PBC based on Euler-Lagrange model and IDA-PBC based on PCHD model are shown in Figure 6 . By comparing these three control methods, it can be seen that IDA-PBC effectively suppresses double frequency pulsations of active power of the stator and grid-side converter under fault conditions so that the DFIG system can provide balanced active power to the grid. Furthermore, IDA-PBC is quicker in response and generates smaller active power oscillations in the stator and grid-side converter during the transition process.
system can export a balanced total active power under fault conditions. At this time, and in Equation (18) as well as and in Equation (19) are desired to be zero, so expectations of each current in desired equilibrium points Figure 6 . By comparing these three control methods, it can be seen that IDA-PBC effectively suppresses double frequency pulsations of active power of the stator and grid-side converter under fault conditions so that the DFIG system can provide balanced active power to the grid. Furthermore, IDA-PBC is quicker in response and generates smaller active power oscillations in the stator and grid-side converter during the transition process. 
Suppressing Output Reactive Power Fluctuation in a DFIG System
Here, the control target under unbalanced grid voltage conditions is to suppress double frequency oscillations of the stator reactive power Q s and the grid-side converter reactive power Q g so that the DIFG system can export a balanced total reactive power under fault conditions. Since Q ssin2 and Q scos2 in Equation (18) as well as Q ssin2 and Q scos2 in Equation (19) are set to zero, expectations of current in desired equilibrium points x * R and x * G of the system are:
Simulation waves in the positive and negative synchronous reference frames under PI control, PBC based on Euler-Lagrange model and IDA-PBC are shown in Figure 7 . From those figures, it can be concluded that IDA-PBC can effectively suppress double frequency oscillations of reactive power of the stator and grid-side converter under fault conditions to ensure reactive power balance of the DFIG system in grid-connected mode. Compared to PI control and PBC based on Euler-Lagrange model in the positive and negative synchronous reference frames, the IDA-PBC method reduces reactive power oscillation of the stator and grid-side converter, and the transition process is also shortened. 
Conclusions
PBC theory is a method to analyze and control a system from the perspective of energy. Compared with PBC based on Euler-Lagrange model, IDA-PBC based on the PCHD model can reflect the details of system better, and there are more configuration parameters in IDA-PBC laws, so systems using IDA-PBC can be controlled more effectively. Furthermore, especially for complex systems, the advantage of the IDA-PBC method is more obvious. This paper establishes a PCHD model of a DFIG system under unbalanced grid voltage conditions and applies an IDA-PBC strategy. Regarding different control targets under fault conditions, desired equilibrium points of the IDA-PBC law are set to coordinate and control the rotor-side converter and grid-side converter. Simulation results indicate that the IDA-PBC method can effectively suppress fluctuations of output current, active power, and reactive power of the DFIG system under unbalanced grid voltage sag/swell. Compared to PI control and PBC based on the Euler-Lagrange model in the positive and negative synchronous reference frames, the response of the IDA-PBC method is quicker, and suppression of oscillations during transient process is more obvious, which significantly improves the continuous operation capability of the DFIG system during grid voltage unbalance.
